Although acute liver failure is a rare disease, its presence is associated with high morbidity and mortality in affected patients. While a contribution of the immune system to the outcome of toxic liver failure is anticipated, functionally relevant immune cell receptors for liver cell damage need to be better defined. We here investigate the relevance of the chemokine receptor CXCR3, which is important for hepatic immune cell infiltration, in a model of experimental acute liver failure. Liver injury was induced by a single intraperitoneal injection of carbon tetrachloride (CCl 4 
Although liver failure is a quite rare clinical condition, its appearance is associated with high mortality and morbidity in affected individuals. The main identifiable causes of acute liver failure are drugs, toxins and viral infections. 1 From a pathophysiological point of view, acute toxic liver failure results from a massive necrosis of hepatocytes that provokes a strong inflammatory immune response within the liver. 2 Upon activation, liver resident and infiltrating immune cells (including T cells, NK cells and NKT cells) secrete diverse proinflammatory chemokines and cytokines, including interferon (IFN)-g 3, 4 which perpetuate liver cell damage. IFN-g in turn strongly activates the transcription of the chemokines CXCL9, CXCL10 and CXCL11. 5 The canonical receptor for all three chemokines is CXCR3, 6 which is expressed on various cell sub-populations within the liver, including liver endothelial cells, stellate cells, T cells, NK cells 7 and NKT cells. 8 The interaction between these three chemokines and their receptor mediates the attachment of these immune cells to endothelial cells 9 and thus appears to be crucial for the recruitment of T, NK and NKT cells into the liver. 10, 11 Activated hepatic NKT cells by themselves also secrete large amounts of IFN-g, which in turn promotes the expression of CXCL10 and leads to hepatic recruitment of CXCR3 expressing regulatory T cells (T REG ). 12 However, despite accumulating evidence for the role of CXCR3 in the hepatic immune response, the specific contribution of this chemokine receptor and its ligands CXCL9, 10 and 11 to acute liver injury has not yet been finally elucidated in vivo. A recent study demonstrated that adenoviral infection increases intrahepatic IFN-g levels, which lead to enhanced CXCL9 expression and an elevated numbers of CXCR3 þ gd T cells within the livers, causing acute liver damage. 13 Another study dealt with the impact of CXCR3 on liver ischemia/reperfusion injury (IRI) in rats. 14 Zhai et al CXCR3 in acute toxic liver injury MM Zaldivar et al observed that IRI triggered an increased intrahepatic expression of the chemokines CXCL9, 10 and 11. This enhanced expression resulted in a selective recruitment of CXCR3 þ CD4 þ T cells. Conversely, CXCR3 receptor blockade ameliorated hepatocellular damage accompanied by a reduction of intrahepatic CXCR3 þ T cells. In contrast to these potentially detrimental effects of CXCR3, in Concanavalin A (ConA)-induced liver injury CXCR3 appears to be essential for the recruitment of T REG cells into the liver and its absence causes fulminant liver failure with strongly reduced survival. 15 Thus, the function of CXCR3 during acute liver injury appears to be very context and model dependent and includes beneficial as well as harmful effects.
Systemic application of the hepatotoxin carbon tetrachloride (CCl 4 ) mimics toxic liver injury with acute hepatocellular necrosis, which is accompanied by a massive infiltration of immune cells. 16 We could recently show that chemokines, including the CXCR3 ligand CXCL9, are strongly elevated within the liver after a single injection of CCl 4 . 17 However, the impact of different chemokine receptors present on T, NK and NKT cells in the disease process has not yet been systematically analyzed in this model. Nevertheless, this seems of great clinical importance as NK and NKT cells have been reproducibly shown to be functionally relevant in acute liver disease models. [18] [19] [20] Therefore, we here analyze the specific role of CXCR3 and its impact on NK and NKT cell recruitment during the early phases of toxic liver damage.
MATERIALS AND METHODS Animals

CXCR3
À/À mice were established as described before and were kept on the C57BL/6 background. 21 Wild-type, CCR1 À/À and CCR5 À/À mice on the C57BL/6 background were purchased from Jackson Laboratories (Maine, USA) and bred at the central animal facilities of Aachen University Hospital. In all, 6-to 8-week-old chemokine receptor knockout mice and wild-type animals were challenged with a single dose of CCl 4 (0.6 mg/kg body weight) intraperitoneally (i.p.) to induce acute toxic liver injury. Animals were killed 24 and 72 h after the CCl 4 injection. For histological assessment of liver injury, paraffin-embedded liver sections were stained with H&E and serum transaminases (AST/ALT) were measured as described. 17 All animals were housed under specific pathogen-free conditions and the experiments were carried out after approval by the animal welfare board at the Bezirksregierung Cologne, Germany.
FACS Analysis of Intrahepatic Immune Cell Subsets
Explanted livers were perfused with PBS, incubated in collagenase (Roche, Mannheim, Germany) at 37 1C for 45 min and then homogenized. After density gradient centrifugation with Lymphocyte Mammal (Cedarlane, Canada), the middle layer, comprising the intrahepatic mononuclear cells, was transferred into a Falcon tube and washed twice with Hank's balanced salt solution (BSS; PAA Laboratories, Austria). Anti-CD45-APC-C7, anti-NK1.1-PE and anti-CD3-APC antibodies (all from BD Biosciences) were diluted 1:200 in blocking buffer and transferred to the isolated cells. The suspension was incubated for 20 min at 4 1C in the dark. The cells were washed with Hank's BSS, fixed in 2% formalin and than analyzed by flow cytometry (FACS Canto II, BD Biosciences). Data were analyzed using the FlowJo program (http://www.flowjo.com).
Gene and Protein Expression Analysis
Total RNA was isolated from livers of mice and reversely transcribed using Super-Script (Invitrogen, Germany). Quantitative RT-PCR was carried out for IL1-b, TNF-a and Perforin (PRF1) by assays on demand from http://www. appliedbiosystems.com. IFN-g was quantified by ELISA (RD Systems, Germany) from total liver protein isolates.
TUNEL Assay
Liver cryosections were fixed in 4% paraformaldehyde for 20 min at room temperature (RT). After 30 min of washing in PBS, the sections were treated with 3% H 2 O 2 in methanol for 10 min at RT and with 0.1% Triton in 0.1% sodium citrate for 2 min at 4 1C. The sections were incubated for 1 h in TUNELMix (Roche) and photomicrographs were taken with a fluorescence microscope (Zeiss, Germany). ImageJ (http:// rsbweb.nih.gov/ij) was used to count the TUNEL-positive cells per view field.
NK Cell Depletion
Wild-type mice were injected with 50 ml rabbit anti-mouse ASIALO GM1 antibody (Cedarlane) i.p. 1 h before CCl 4 administration. Animals were killed 24 and 72 h after the CCl 4 injection and the livers were analyzed by FACS as described above. For determination of the degree of liver administration, while wild-type mice have completely recovered at this time.
CXCR3 in acute toxic liver injury MM Zaldivar et al injury, serum transaminases were measured and H&E staining was performed on paraffin-embedded liver sections. 17 
Histological Quantification of Neutrophils and Macrophages
In all, 5 mm thick cryosections from the livers of treated animals were fixed in 4% paraformaldehyde for 20 min at RT. After washing, the slides were incubated overnight at 4 1C with anti-Ly6G antibody (Invitrogen). The slides were mounted with DAPI 45 min after incubation with Alexa Flour 488 conjugated secondary antibody (Invitrogen) at RT. Photomicrographs were taken with a fluorescence microscope (Zeiss) and Ly6G þ cells (green) per view field were counted using ImageJ. The numbers of macrophages were assessed at baseline and different time points after injury by staining of paraffinembedded mouse section with a rat anti-mouse F4/80 antibody (Clone BM8; Dianova, Germany). Positive cells were assessed semiquantitatively by two independent investigators.
Naphtol AS-D Chloroacetate Esterase Stain
In all, 5 mm paraffin-embedded liver sections were stained for chloroacetate esterase using the Naphtol AS-D chloroacetate esterase kit (Sigma, Germany) to further assess the infiltration of neutrophils when no liver cryosections were available. The photomicrographs were taken by light microscopy and neutrophils were counted per view field.
High Mobility Group 1 Protein Western Blot
Snap-frozen liver samples were incubated in 1 ml RIPA buffer (20 mM Tris-HCl, 150 mM NaCl, 2% Nonident P40, 0.1% SDS, 0.5% Na-deoxycholate) with protease inhibitor (Mini complete Protease Inhibitor Cocktail; Roche) for 30 min on ice for isolation of total liver protein. For western blotting, each lane was mounted with 30 mg total liver protein. After blotting for 2 h, the Protran nitrocellulose membrane (Whatman Schleicher & Schuell, Germany) was blocked for 1 h and incubated overnight at 4 1C with a polyclonal rabbit anti-mouse HMGB1 antibody (eBiosciences, Germany). After incubation with a goat anti-rabbit-HRP (DAKO, Germany), the chemoluminescence reaction was initialized with ECL (Thermo Scientific, Germany) and visualized with the LAS reader 300 (Fujiflim, Germany). b-Actin was used as loading control. For quantification of the intrahepatic high mobility group 1 (HMGB1) content, the program Quantity One (Bio-Rad Laboratories, http://www.bio-rad.com) was used.
Statistical Analysis
All data were analyzed using GraphPad Prism Software (GraphPad Software, La Jolla, CA, USA). The results are presented as mean values ± standard error of the mean (s.e.m.). Continuous variables were compared with Student's t-test. P-values o0.05 were considered as statistically significant. CXCR3 in acute toxic liver injury MM Zaldivar et al
RESULTS
CXCR3 Deficient Mice Display Severe Liver Damage after CCl 4 Injection
We first subjected CXCR3 À/À and wild-type mice to acute liver injury by a single injection of CCl 4 . In comparison with wild-type mice, CXCR3 deficient animals displayed strongly increased liver damage in this experimental model, confirming data of these mice in the ConA model of liver injury. 15 Augmented injury was reflected by significantly increased ALT (Figure 1a ) and AST (data not shown) levels 24 h after CCl 4 administration, while there was no obvious difference between the mouse strains after 72 h. Liver histology confirmed the augmented liver injury in CXCR3 À/À mice showed strongly enlarged areas of pericentral hepatocyte damage 24 h after CCl 4 challenge. Furthermore, the CXCR3 deficient animals still displayed necrotic areas during the recovery phase 72 h after injury, while wild-type mice had visually and biochemically almost completely recovered at this time point.
Genetic Deletion of CXCR3 Results in an Impaired Recruitment of Immune Cells and an Augmented Expression of Proinflammatory Cytokines CXCR3 is considered as an important receptor for recruitment of immune cells to sites of tissue damage. Specifically, ligands of CXCR3 are among the main chemoattractants for NK and NKT cells into the liver. 11 Since these cells appear to have essential roles in the phenotype of liver damage in different experimental injury models, 15, 20, 22 we performed in-depth FACS analysis for intrahepatic T cells (NK1.1À, À/À mice had already significantly lower numbers of NK cells than wild-type mice at baseline (Po0.05), a difference which remained stable 24 h after induction of liver injury. A strong difference between CXCR3 À/À mice and wild-type mice was further observed for NKT (CD3 þ NK1.1 þ ) cells. CXCR3 deficient mice already display a reduced intrahepatic number of NKT cells before liver injury, a finding which is consistent with earlier findings of the same mice 6 and the important role of the CXCR3 ligand CXCL9 for NKT cell trafficking to the liver. 11 Notably, the strongly reduced number of NKT cells in CXCR3 À/À mice remained stable throughout the whole observation period after induction of toxic liver injury and its recovery phase.
The observed differences in immune cell recruitment were paralleled by strong alterations in the mRNA expression of pivotal proinflammatory cytokines in CXCR3 À/À mice. Specifically, the mRNA levels of IL1-b and TNF-a as well as IFN-g protein levels were increased in the CXCR3 À/À mice compared with wild-type mice (Figure 3) . Conversely, the mRNA expression of perforin, a mediator of NK cell cytotoxicity, 23 was reduced in CXCR3 À/À mice compared with their wild-type littermates (Figure 3 ). This finding further suggested a functional role of NK cells in the phenotype observed in our model. Figure 1) before challenging the mice with CCl 4 . Depletion of these immune cells indeed led to an augmented injury response compared with mice injected with a control antibody. Increased liver damage of mice injected with the anti-ASIALO GM1 antibody compared with nondepleted mice was again reflected by increased serum ALT values 24 and 72 h after CCl 4 administration, respectively (Po0.05, Figure 4a ). Increased serum transaminases resulted from enlarged areas of hepatic necrosis in depleted mice compared with non-depleted control mice (Figure 4b ).
CCR1 and CCR5 Deficient Mice Display no Differences in Liver Injury and Recruitment of NK Cells Compared with Wild-Type Mice in the CCl 4 Model
As the chemokine receptors CCR1 and CCR5 are also present on NK cells, 24 we next assessed the specificity of our findings for the chemokine receptor CXCR3. As shown in Figure 4c , mice deficient in CCR1 and CCR5 displayed no significant differences in serum ALT levels 24 and 72 h after CCl 4 administration compared with wild-type mice. Interestingly, FACS analysis revealed that naive CCR1 À/À and CCR5
À/À mice also have significantly less intrahepatic NK cells compared with untreated wild-type mice (both Po0.001, Supplementary Figure 2 ). However, in contrast to CXCR3
À/À mice, CCR1 À/À and CCR5 À/À mice show a strong NK cell recruitment into the liver 24 h after CCl 4 administration. Furthermore, there were no differences in NK frequencies between wild-type, CCR1
À/À and CCR5 À/À mice 72 h after the CCl 4 injection. Thus, the reduced number of NK and NKT cells in CXCR3 À/À mice and especially the lack of recruitment of these cells into the liver after administration of CCl 4 appear to be responsible for the increased liver damage observed in these mice.
CXCR3
À/À Mice Display an Increased Neutrophil Recruitment Via HMGB1 We next assessed which molecular mediators could be responsible for the increased damage in CXCR3 À/À and NK cell-depleted mice. A candidate molecule is HMGB1 protein that is released from necrotic, but not apoptotic, liver cells.
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HMGB1 modulates the recruitment of neutrophils into the liver, 26 where they mediate acute liver damage under different experimental conditions. 20, 27, 28 In accordance with these data, we indeed detected increased levels of HMGB1 (Figure 5a ), but fewer apoptotic cells (Figure 5b ) in livers of CXCR3 À/À and NK cell-depleted mice compared with their wild-type littermates after the toxic insult with CCl 4 . In line with the higher concentrations of HMGB1 in CXCR3 À/À and depleted mice, these animals indeed had an increased number of intrahepatic Ly6G þ neutrophils as compared with wild-type mice after induction of liver injury (Figure 6a; Supplementary Figure 3) . As HMGB1 has also been shown to be involved in macrophage recruitment and activation, 29 we also assessed the number of macrophages (F4/80-positive cells) in our animal models. However, apart from a slightly more pronounced perivascular staining, there were no major differences in the numbers of macrophages in the CXCR3 À/À or the NK celldepleted mice compared with wild-type animals during the course of liver injury (Supplementary Figure 4) . Thus, neutrophil infiltration secondary to increased HMGB1 concentrations appears to be the main functional consequence of CXCR3 knockdown or NK cell depletion in our acute toxic liver injury model.
DISCUSSION
The data presented in this study suggest that the chemokine receptor CXCR3 mediates non-redundant beneficial effects during acute liver injury induced by systemic application of the hepatotoxin CCl 4 . These results are in line with our earlier findings in chronic liver injury models 21 and a recent report of increased mortality of CXCR3 À/À mice after ConAinduced liver damage. 15 However, there are also studies of ischemia-reperfusion injury and virus-induced liver injury that suggests harmful effects of the receptor in vivo. 13, 14 Thus, the overall properties of CXCR3 in the liver appear to be strongly dependent on the type of liver injury and the experimental conditions applied in different studies. In the current study, we used a model of acute liver injury that results in hepatocyte necrosis and subsequent infiltration of leukocytes from peripheral blood. 16, 20 Notably, in this model, we have already noted a strong induction of the CXCR3 ligand CXCL9 within the liver, 17 which was identified as a CXCR3 in acute toxic liver injury MM Zaldivar et al major chemokine for hepatic recruitment of NK and NKT cells 11 by mediating their transendothelial migration. 30 As we observed that CXCR3 À/À mice were more prone to severe liver damage in the CCl 4 model, we thus assessed whether this phenotype is associated with an altered recruitment of T, NK and NKT cells into the liver. Indeed, a dominant immune phenotype of the CXCR3 À/À mice used in our study was the reduced NK and NKT cell recruitment after the toxic insult (Figure 2 ), together with a reduced mRNA expression of perforin, a major cytolytic protein of these cells (Figure 3 ). This immune phenotype is consistent with the role of CXCR3 ligands for immune cell recruitment 11 and earlier findings of hepatic immune cell populations in these mice. 6 Additionally, CXCR3 has been shown to mediate the infiltration of T REG into the liver, 12 which appears to have a functional role in ConA-induced liver damage. 15 However, the specific role of T REG cells in CCl 4 -mediated liver injury is not yet decided and in contrast to other immune cell sub-populations these cells represent only a minor fraction of liver leukocytes. We therefore did not further investigate this specific cell type in our model. In contrast, NK and NKT cells are more abundant within the human and murine liver. 31, 32 Notably, genetic depletion of NKT cells has recently been shown to be detrimental in acute CCl 4 -induced liver injury. 20 Thus, it appears that the relative lack of NKT cells in the CXCR3 À/À mice might functionally be involved in the augmented liver damage compared with wild-type mice.
Another cell population that was strongly reduced in the livers of CXCR3 À/À mice are NK cells. These cells are known to be involved in liver injury 33 where they mediate apoptosis of different liver resident cells. 34, 35 However, their specific role in acute CCl 4 -mediated liver injury has not yet been elucidated. As NK cells might also be responsible for the increased liver damage in CXCR3
À/À mice, we depleted these cells with an anti-mouse ASIALO GM1 antibody in wild-type mice before liver injury. Indeed, depleted mice displayed increased liver damage as assessed by histology and serum transaminases (Figure 4 ). NK cells do not only express CXCR3, but also the chemokine receptors CCR1 and CCR5. 24, 36 Thus, we also challenged mice with a genetic deletion of these chemokine receptors with CCl 4 . In contrast to the CXCR3 À/À mice, these mouse strains did not display increased liver damage (Figure 4c ) and were able to recruit NK cells into the liver (Supplementary Figure 2) . Thus, we hypothesize that either a lack of NK cells or a relative inability to recruit these cells to the site of damage is functionally detrimental in the intraperitoneal CCl 4 model of liver injury. CXCR3 in acute toxic liver injury MM Zaldivar et al Figure 6 For caption see page 731.
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As NK cells have been associated with apoptotic cell injury, 34 a TUNEL assay was performed on cryosections of the livers from CXCR3 À/À and wild-type mice. As depicted in Figure 5a , CXCR3 À/À mice indeed had fewer apoptotic liver cells 24 and 72 h after CCl 4 administration compared with wild-type mice. As CXCR3 À/À mice had augmented liver injury, we speculated that most damage might be due to necrotic hepatocyte damage. This hypothesis was indeed supported by higher levels of HMGB1 in the CXCR3 À/À mice and the NK cell-depleted mice (Figure 5a ). HMGB1 is released from necrotic hepatocytes, 37 induces the production of proinflammatory cytokines, 26 leads to recruitment of neutrophils 38 and is an activator of macrophages. 29 In line with these data, we observed strongly increased numbers of neutrophils in areas of hepatic necrosis in the CXCR3 À/À mice and the animals depleted for NK cells (Figure 6 ; Supplementary Figure 3 ). Interestingly, this increased recruitment appears to be specific for neutrophils as the number of F4/80-positive macrophages was not different between the mouse strains (Supplementary Figure 4) . The pivotal role of neutrophils in liver injury has been shown before in ischemiareperfusion injury, 27 alcoholic hepatitis 39 or acetaminophen toxicity. 28 In the latter model, increased liver damage was also correlated with HMGB1 concentrations and a subsequent higher hepatic infiltration of neutrophils, while neutralization of HMGB1 reduced the recruitment of neutrophils. 37 This interaction between HMGB1 and neutrophil infiltration does not seem to be specific for the liver as similar results were obtained in a model of acute lung injury. 40 We acknowledge that our study does only provide functional data in a murine model of acute liver injury and we do not present data on the role of CXCR3 or its ligands in samples from patients with acute liver injury. However, recent data show that CXCR3 is indeed strongly expressed in lymphocytes of subjects with acute liver injury. 41 Thus, our data might also be of relevance for human acute liver diseases.
In summary, we here present evidence that the chemokine receptor CXCR3 critically regulates the migration of NK and NKT cells during CCl 4 -induced acute liver injury. Reduced numbers of these cells were associated with reduced hepatocyte apoptosis, but a release of HMGB1 from the necrotic liver cells. HMGB1 in turn recruited neutrophils to the injured liver, thereby mediating augmented damage in this model. Although the relevance of our data for human acute liver injury needs to be proven, these results should be considered when planning human trials with CXCR3 antagonists 42 which might have hepatotoxic side effects due to the mechanisms described in the current study.
